Background/Objectives: To collect the reference values for facial asymmetry in adults using landmark and surface-based three-dimensional analyses and to compare their diagnostic abilities. Materials and Methods: Laser scans were taken from 85 British Caucasians, 29 males (23.9 ± 5.7 years, range 19-44) and 56 females (28.1 ± 9.5 years, range 19-54), students and staff of the Cardiff Dental Hospital, and three orthodontic patients with marked facial asymmetry. An asymmetry index (AI) was measured for 14 landmarks. The surface-to-surface average distance between the best-fit registered original and mirror scans (AD om ) was measured for the whole face and six regions. Non-parametric descriptive statistics was used to obtain the reference values, and Mann-Whitney U-test was used for gender comparison. P values less than 0.05 were considered significant. Patients' values were compared to the reference values by calculating the corresponding percentiles. Results: The lowest AI was found for 'pronasale' in males [median 0.1 (interquartile range 0.0-0.3) mm] and the highest for 'cheilion' [3.5 (2.4-5.0) mm] in females. The AD om for the whole face was 0.7 (0.5-0.9) mm in males and 0.6 (0.5-0.7) mm in females and regionally between 0.4 (0.3-0.6) mm and 0.8 (0.4-1.2) mm. In orthodontic patients, AI did not always reveal asymmetry in a particular coordinate plane, and surface-based analysis was favourable in regions underrepresented by landmarks. Conclusions: Facial asymmetry can be accurately quantified using landmark-and surface-based approaches. The latter offers a more comprehensive analysis of the face.
Introduction
In recent years, the number of adult patients seeking orthodontic treatment has increased considerably (Bagga, 2009) . Improving the dental and facial aesthetics is a motivation for many patients (Verse et al., 2012) , and it is not surprising that facial asymmetry is a common complaint (Takano-Yamamoto and Kuroda, 2009 ). The patients with minor facial asymmetry can be reassured about their condition. However, the patients with dentofacial deformities, in whom facial asymmetry is more pronounced and difficult to treat (Severt and Proffit, 1997) , require a detailed diagnosis in order to achieve an optimal therapeutic effect (Yañez-Vico et al., 2010) . need to perform an objective three-dimensional (3D) evaluation (Ferrario et al., 1995; O'Grady and Antonyshyn, 1999) .
Non-invasive 3D imaging methods (mainly laser surface scanning and stereophotogrammetry) have become a standard in facial soft tissue research (Kau et al., 2007; Brons et al., 2012; Hammond and Suttie, 2012) . A range of 3D measurements have been suggested for facial asymmetry evaluation and until recently landmark-based methods have dominated the field (Ferrario et al., 1994 (Ferrario et al., , 2001 (Ferrario et al., , 2003 Ras et al., 1995; Shaner et al., 2000; Hajeer et al., 2004; Sforza et al., 2010; Huang et al., 2013) . However, there are some drawbacks of this approach. Manual identification of landmarks on 3D facial images can be time consuming, and inter-examiner's variability for some landmarks can be high (Toma et al., 2009) . The landmarks commonly used to determine the facial midline are often not in the middle of the face, which affects the precision of the symmetry plane construction (Meyer-Marcotty et al., 2011) . Furthermore, facial regions where landmarks are not identified are simply ignored (Ferrario et al., 2001; Zhurov et al., 2010) . For these reasons, some researchers are more interested in developing landmark-independent (surface-based) approaches, which take into account thousands of points of the facial surface and allow a full face analysis (Nkenke et al., 2006; Zhurov et al., 2010; Djordjevic et al., 2011 Djordjevic et al., , 2012 Djordjevic et al., , 2013a Meyer-Marcotty et al., 2011; Primožič et al., 2012 Primožič et al., , 2013 Verhoeven et al., 2013a,b) .
In this cross-sectional study, the aim was to compare the diagnostic information obtained by landmark and surface-based 3D analyses of facial asymmetry. The objectives were 1. to collect the reference values for normal British Caucasian adults and 2. to use them clinically on three orthodontic patients with marked facial asymmetry to compare the findings of both analyses.
Subjects and methods

Sample
The study was approved by the Research Ethics Committee of the Cardiff University Dental Hospital, UK. Written invitations were sent out via the School's email system to students and staff during the academic year 2011/2012. No sample size calculation was carried out prior to the recruitment. The intention was to obtain as many 3D facial scans as possible meeting the following inclusion criteria: no obvious facial dysmorphology and no history of trauma and/or operation of the head and neck. Individuals who volunteered had to read the information leaflet explaining the study aims, design, and personal data protection and sign the consent form prior to taking their 3D facial scans. Faces of 85 individuals, 29 males (mean age 23.9 ± 5.7 years, range 19−44) and 56 females (mean age 28.1 ± 9.5 years, range 19−54) were laser scanned.
At the time of the study, three orthodontic patients (38-year-old male and 19-and 42-year-old females) were referred by their general dental practitioners to the department because their main concern was facial asymmetry. All three were British Caucasians. After taking their dental and medical histories and performing clinical examinations, their faces were laser scanned and facial asymmetry parameters were compared to the reference values for their gender. The patients gave their written consent for publication of their data.
Data capture and processing
A single laser camera, Vivid 910 (Konica Minolta Sensing Europe, Milton Keynes, UK), was used to take facial scans. A calibration test was performed on a mannequin head made of plaster in order to ensure that the camera was ready to capture the participant's face properly. The validity and reliability of this technique have been investigated previously (Kusnoto and Evans, 2002; Kau et al., 2005 Kau et al., , 2006 Kovacs et al., 2006) . The camera emits an eye-safe laser beam with a wavelength of 690 nm and a power of 30 mW (Konica Minolta Sensing Inc., 2001 -2003 . Medium-range lenses with a focal length of 14.5 mm were used.
The scanning was performed under standardized lighting conditions: a portable lamp Ringlite (Bowens International Ltd, Essex, UK) mounted on the handle of the camera and a neon light fitted to the ceiling. Participants were sitting in front of the camera, with heads in the natural head position and mandible in the rest position (Kau et al., , 2006 Djordjevic et al., 2011 Djordjevic et al., , 2012 Djordjevic et al., , 2013a Primožič et al., 2012 Primožič et al., , 2013 . They were asked to take off their glasses, tight-up the hair, and be still during the scanning. Females were instructed to remove make-up and males were told to be clean-shaven on the day.
The scanning was controlled with the Rapidform 2006 software (INUS Technology Inc., Seoul, Korea) installed on a laptop computer (2 GHz Pentium 4, operating system Microsoft Windows® XP) and took about three seconds. During that time, the investigators paid close attention to incidental movements and the change of facial expression. The following criteria for acceptability of 3D facial scans were adopted: a valid representation of facial morphology, good resolution of the scan, no apparent motion artefacts, and closed mouth (unless lips were naturally incompetent). Facial scans were saved as files with an .mdl (model) extension format with a unique identifying number and then processed in three steps using in-house subroutines (Zhurov et al., 2005; Toma et al., 2012) .
Landmark-based analysis of facial asymmetry
Facial scans were standardized in three coordinate planes by using another in-house-developed subroutine (Figure 1 ). This required prior placement of some antropometric landmarks (glabella, pronasale, subnasale, pogonion, endocanthion left, and endocanthion right) to position the face properly (Table 1, Figure 2 ). The sagittal plane (YZ) was determined as the symmetry plane of the originalmirror face structure. The cylinder that fitted all data points of the Figure 1 . The reference planes viewed from the front (left) and from the side (right). The sagittal plane (YZ) was determined as the symmetry plane of the original-mirror face structure (indicated by the vertical line passing through the middle of the face on both images). The transverse plane (XZ) was constructed using the cylinder that fitted all data points of the original-mirror face structure. The coronal plane (XY) was perpendicular to the previous two planes (indicated by the rectangle on both images). The three planes met at the point located half-way between the inner canthi of the eyes, which was taken to be the origin of the coordinate system.
original-mirror face structure determined the transverse plane (XZ). The coronal plane (XY) was perpendicular to the previous two planes. The three planes met at the point located half-way between the inner canthi of the eyes, taken to be the origin of the coordinate system (Zhurov et al., 2010; Toma et al., 2012) .
Seven medial and seven bilateral anthropometric landmarks were placed manually on each facial scan by one operator (Table 1, Figure 2 ) according to the definitions given by Farkas (1994) . Their X, Y, and Z coordinates were collected from the software and saved in an Excel spreadsheet. The asymmetry of the medial landmarks (glabella, nasion, pronasale, subnasale, labiale superius, labiale inferius, and pogonion) was measured in the X direction. Therefore, the distance of a landmark from the sagittal plane (X coordinate) directly indicated its amount of asymmetry in mm. For the bilateral landmarks (endocanthion, exocanthion, palpebrale superius, palpebrale inferius, alare, crista philtri, and cheilion), the asymmetry was measured in each of the coordinate planes. As the amount of asymmetry was only of interest but not its direction, the absolute values of the differences in the coordinates between the right and the left sides were calculated.
After the initial assessment of facial asymmetry in each plane, a recently suggested asymmetry index (AI) was calculated to show the total amount of asymmetry for the bilateral landmarks (Huang et al., 2013) . The following formula was used:
Ζ , where X, Y, and Z are the coordinates of a landmark, the subscript l stands for left, and r stands for right.
Surface-based analysis of facial asymmetry
The second approach to facial asymmetry analysis included automatic creation of a mirror face and its comparison with the original face using the iterative closest point or the best-fit registration, which is a built-in feature of the Rapidform 2006 (INUS Technology Inc., Seoul, Korea; Figure 3 ). This method has been used before either to construct a reliable symmetry plane independently of landmarks or to quantify facial asymmetry by comparing the original and mirror facial images (Zhurov et al., 2010; Djordjevic et al., 2011 Djordjevic et al., , 2012 Djordjevic et al., , 2013a Primožič et al., 2012 Primožič et al., , 2013 Verhoeven et al., 2013a,b) . The computer algorithm performs registration of two facial surfaces to minimize the overall deviation between them and calculates the average distance between the surfaces. In order to facilitate the understanding of this relatively new concept, the percentage of match between the two facial surfaces to within a threshold (0.5 mm) was devised as a second parameter. The two parameters were calculated for the whole face and also for six different regions using Table 1 . Definitions of anthropometric landmarks identified on facial scans (according to Farkas, 1994 Farkas (1994) and six facial regions (R1-R6) determined by these landmarks (right). The forehead region (R1) was determined as the facial surface located above the horizontal line passing through the landmark 'glabella'. The upper border of the eye region (R2) was the horizontal line passing through the landmark 'glabella', the inner border was the line connecting the landmarks 'glabella' and 'endocanthion', and the lower border was the horizontal line passing through the landmark 'palpebrale inferius'. The third region (R3) included the cheeks, i.e. facial surface lateral to the line connecting the landmarks 'endocanthion' and 'cheilion'. The upper borders of the nose region (R4) were the lines connecting the landmarks 'glabella'and 'endocanthion' on both sides, the lateral borders were the lines connecting the landmarks 'endocanthion' and 'cheilion' on both sides, and the lower border was determined by the horizontal line passing through the landmark 'subnasale'. The fifth region (R5) of the upper lip and the philtrum was located between the upper horizontal line passing through the landmark 'subnasale' and the lower curvature connecting the landmarks 'cheilion left' and 'cheilion right'. The upper border of the sixth region (R6) of the lower lip and the chin was determined by the curvature connecting the landmarks 'cheilion left' and 'cheilion right', and the lateral borders were the same as the lower part of the medial borders of the cheeks.
another in-house developed subroutine for Rapidform 2006 (refer to Figure 2 for detailed explanation). Colour maps were produced to assess the amount and location of facial asymmetry ( Figure 3 ).
Statistical analyses
All statistical analyses were performed using the Statistical package for Social Sciences version 17 (SPSS Inc., Chicago, Illinois, USA). The reliability of landmark identification and the surface-based parameters was investigated on 30 randomly selected individuals (15 males and 15 females) using Bland-Altman plots and the corresponding 95% confidence intervals (Bland and Altman, 1986) . Histograms, Q-Q plots, and Shapiro-Wilk test were used to check the normality of the facial asymmetry parameters and Levene's test to determine the equality of variances across the data sets. The absolute values of the facial asymmetry parameters followed positively skewed distribution. No data transformation was attempted, and Mann-Whitney U-test was used for gender comparisons. P values less than 0.05 were considered statistically significant. The patients' values were compared with the reference values by calculating the corresponding percentiles: the higher the percentile, the larger the amount of asymmetry described by a given parameter. This rule only excluded the percentage of match between the original and mirror facial images, where higher percentage of match meant lower amount of asymmetry.
Results
Landmark-based asymmetry parameters
The 63 coordinates of 21 anthropometric landmarks were classified into five different categories according to their reliability: less than 0.5, 1.0, 1.5, 2.0, and 2.5 mm (Table 2) . In both genders, the reliability of the majority of landmark coordinates (48 in males and 45 in females) was within 1.5 mm. The reliability of 13 coordinates in males and 14 coordinates in females was within 2 mm. Only two coordinates in males and four in females showed lower reliability to within 2.5 mm.
The results for medial landmark asymmetry are presented in Table 3 . The median values and interquartile range (in brackets) are reported. In both genders, the amount of asymmetry ranged between 0.1 (0.0, 0.3) and 1.8 (0.7, 2.5) mm. The results for bilateral landmark asymmetry are presented in Table 4 . The asymmetry in the X direction ranged between 0.9 (0.4, 2.4) and 2 (1.0, 3.5) mm in males and 1.7 (0.7, 2.7) and 2.7 (0.7, 4.4) mm in females. The asymmetry in the Y direction ranged between 0.4 (0.2, 0.7) and 1.2 (0.6, 1.9) mm in males and 0.4 (0.1, 0.6) and 1.4 (0.5, 2.1) mm in females. The asymmetry in the Z direction ranged between 0.3 (0.2, 0.6) and 1.5 (0.5, 3.0) mm in males and 0.4 (0.2, 0.6) and 1.9 (0.9, 2.6) mm in females. MannWhitney U-test did not reveal any gender difference in the landmarkbased parameters (P > 0.05). The results for the AI are presented in Table 5 . In both genders, the lowest AI for the medial landmarks was measured for the landmark 'pronasale' [0.1 (0.0, 0.3) mm in males and 0.2 (0.1, 0.3) mm in females] and the highest for the landmark 'pogonion' [1.5 (0.7, 3.0) mm in males and 1.8 (0.7, 2.5) mm in females]. For the bilateral landmarks, the lowest AI was measured for the landmark 'crista philtri' [2.2 (1.6, 3.0) mm in males and 1.6 (0.9, 3.5) mm in females] and the highest for the landmark 'cheilion' [3.2 (2.1, 4.1) mm in males and 3.5 (2.4, 5.0) mm in females]. There was no statistically significant difference between the genders (P > 0.05).
Surface-based asymmetry parameters
The reliability of the surface-based parameter was within 0.005 mm. The results for the surface-based asymmetry parameters are presented in Table 6 . The median value and the interquartile range (in brackets) of the average distance between the original and mirror facial scans was 0.7 (0.5, 0.9) mm in males and 0.6 (0.5, 0.7) mm in females. When calculated separately for six different regions, this parameter ranged between 0.4 (0.3, 0.6) and 0.8 (0.6, 1.0) mm in males and between 0.5 (0.3, 0.7) and 0.8 (0.4, 1.2) mm in females. In general, 50.2 (42.9, 57.0)% of the facial surface in males and 55.0 (49.3, 61.9)% in females were symmetrical (the threshold was 0.5 mm). For the six facial regions, this parameter ranged between 36.0 (27.9, 48.1) and 62.9 (44.3, 86.1)% in males and 42.9 (23.3, 63.1) and 69.7 (56.5, 78.4)% in females. There was no statistically significant difference between the genders in the surface-based facial asymmetry parameters (P > 0.05). Table 7 presents the landmark-based facial asymmetry parameters for the three orthodontic patients, and Table 8 lists the surfacebased parameters. The face of the 38-year-old male patient showed a higher degree of asymmetry in the landmarks around the lips and the chin ( Figure 4 , the top panel). More precisely, horizontal asymmetry (in the X direction) was noticed for the landmarks 'labiale superius', 'labiale inferius', 'cheilion', and 'pogonion' (between 80th and 93rd percentile of the reference male sample, n = 29); vertical and sagittal asymmetry (in the Y and Z directions, respectively) was measured for the landmark 'crista philtri' of the upper lip (93rd and 100th percentile, respectively). The whole face surface-based parameter did not reveal any marked facial asymmetry (the average distance between the original and mirror images was 0.8 mm, which was equivalent to 67th percentile of the reference male sample, n = 29). However, when six different regions were examined separately, higher amount of asymmetry was found for the philtrum, upper and lower lip, and the chin (R5, 90th percentile and R6, 97th percentile). The colour map was mainly coincident with this finding. It also showed asymmetry in the upper part of the forehead, the eyebrows, and the ala of the nose. Table 2 . Intra-examiner reliability in identification of anthropometric landmarks on facial scans (in mm). The reliability of the coordinates was classified into five different categories (according to 95% confidence intervals on Bland-Altman plots): less than 0.5, 1.0, 1.5, 2.0, and 2.5 mm. For asymmetry analysis, the reliability of the medial landmarks in the X direction and the bilateral landmarks in all three coordinate planes were of interest. Gender difference was determined using Mann-Whitney U-test. NS, not statistically significant.
Facial asymmetry in orthodontic patients
The second patient (19-year-old female) exhibited horizontal facial asymmetry of the ala of the nose (the landmark 'alare') and the chin (the landmark 'pogonion'), being equivalent to the 81st and 86th percentile of the female reference sample (n = 56), respectively ( Figure 4 , the middle panel). Vertical asymmetry was high in the corners of the mouth (the landmark 'cheilion'), being equal to 84th percentile of the reference female sample. Marked sagittal asymmetry was documented for the landmark 'crista philtri' of the upper lip (90th percentile). The AI revealed a higher amount of asymmetry only for the chin (the landmark 'pogonion', 86th percentile). As with the first patient, the asymmetry of the whole face did not indicate any distinct asymmetry from the reference female sample (0.7 mm, 58th percentile). However, regional analysis revealed marked asymmetry in the cheeks (R3, 83rd percentile) . The colour map demonstrated that the right half of the face below the eye level (excluding the nose) was more protrusive (directional asymmetry).
The third patient (42-year-old female) showed a higher degree of vertical facial asymmetry of the eyes (the landmarks 'endocanthion', 'exocanthion', 'palpebrale superius', and 'palpebrale inferius', 100th percentiles), the ala of the nose (the landmark 'alare', 97th percentile), and the corners of the mouth (the landmark 'cheilion', Gender difference was determined using Mann-Whitney U-test. NS, not statistically significant. Gender difference was determined using Mann-Whitney U-test. NS, not significant. The asymmetry index for the medial landmarks is equal to their asymmetry in X direction. 100th percentile). Also, the landmark 'cheilion' had a higher amount of sagittal asymmetry (98th percentile). However, the AI revealed marked asymmetry only for the following landmarks: 'exocanthion', 'palpebrale inferius', and 'cheilion'. The average distance between the original and mirror images (0.8 mm, 83rd percentile) showed a higher amount of facial asymmetry (Figure 4 , the bottom panel), especially the forehead (R1, 0.7 mm, 90th percentile) and the eyes (R2, 1.5 mm, 93rd percentile).
Discussion
Perfect facial symmetry is a theoretical concept and even those faces considered the most attractive exhibit asymmetry (Peck et al., 1991; Ferrario et al., 1995; Takano-Yamamoto and Kuroda, 2009; Sforza et al., 2010; Primožič et al., 2012) . The exact quantification of facial asymmetry is necessary to differentiate between patients whose asymmetry is within the normal range for the population and those who require complex treatment strategies for functional and aesthetic rehabilitation. Landmark-and surface-based analyses have been suggested to diagnose facial asymmetry in 3Ds. It is important not only to know the reference values of facial asymmetry in a given population obtained by the two analyses but also to understand their possibilities and limitations.
Landmark-based analysis
A wide variety of landmarks has been used to construct the reference plane for facial asymmetry analysis (Ferrario et al., 1994 (Ferrario et al., , 1995 (Ferrario et al., , 2001 (Ferrario et al., , 2003 Ras et al., 1995; O'Grady and Antonyshyn, 1999) . The landmarks used to determine the symmetry plane-nose, philtrum, and chin-are often not exactly in the midline of the face, which calls into question the precision of the measurements (Meyer-Marcotty et al., 2011) . In this study, the symmetry plane was determined independently of landmarks, based on the whole information available (tens of thousands of points) for the original and mirror facial images (Zhurov et al., 2010) . This method has been shown to be both valid and reproducible (Nkenke et al., 2006; Hartmann et al., 2007; Meyer-Marcotty et al., 2011) .
The results for the asymmetry of facial landmarks have to be interpreted with regards to their reliability of identification (the random error of the method). The asymmetry of the medial landmarks generally increased from cranial to caudal (the only exception was the landmark 'pronasale') and was within the limits of intra-examiner's reliability. The asymmetry of the bilateral landmarks did not exceed or just slightly exceeded (up to 1 mm) the error of the method. The only exception was asymmetry of the nose (the landmark 'alare') in females (1.7 mm), which was more than three times higher than the error of the method (0.5 mm). The AI was higher for the bilateral than the medial landmarks, because the latter exhibit asymmetry in all three coordinate planes.
These results can be compared with those obtained from a recent study conducted on 60 healthy Chinese adults (Huang et al., 2013) . The authors reported that the intra-observer error in landmark identification ranged between 0.31 and 0.95 mm but did not provide details of the analysis. Furthermore, they calculated AI for seven medial and four bilateral landmarks but did not report asymmetry in each coordinate plane. There was a general tendency for asymmetry to increase in the caudal direction, but AI of the landmarks around the eyes (the landmarks 'endocanthion' and 'exocanthion') was considerably lower than in this study. It can probably be explained by a different method for the construction of the symmetry plane (a plane passing through the landmark 'nasion' and perpendicular to a plane connecting the landmarks 'exocanthion left' and 'exocanthion right').
In our study, the asymmetry data were positively skewed. Since median value is less sensitive to the influence of outliers (McCluskey and Lalkhen, 2007) , we used it along with the interquartile range (25th and 75th percentile) to describe the amount of facial asymmetry in the sample. Therefore, instead of mean and standard deviation, percentiles were used to compare facial asymmetry of three orthodontic patients to the reference male and female samples. We did not suggest a cut-off point, but a general recommendation is that the higher the percentile the more important the finding is for diagnosis and treatment planning. Gender difference was determined using Mann-Whitney U-test. NS, not significant; Av. dist., the average distance between the original and mirror facial scans; Match, the percentage of match between the two facial surfaces (the original and the mirror one) within 0.5 mm tolerance level. For an explanation of facial regions, refer to the text and Figure 2 . The asymmetry index for the medial landmarks is equal to their asymmetry in X direction.
From the three orthodontic patients, the following can be concluded about the applicability of the landmark-based analysis. First, AI may fail to diagnose asymmetry in cases where the asymmetry in one or two coordinate planes is low and the asymmetry in the third plane is high (for example, the landmarks 'crista philtri' and 'cheilion' in the second patient and the landmarks 'endocanthion', 'palpebrale superius', and 'alare' in the third patient). Therefore, a clinician should always consider all three coordinate planes separately before calculating AI. In addition, there is a risk to miss an important directional asymmetry if landmarks are not placed on the lateral aspects of the face (this is a matter of their reliable identification). This was illustrated in the second patient, where the colour Av. dist., the average distance between the original and mirror facial scans (in mm); Match, the percentage of match between the original and mirror facial scans within 0.5 mm tolerance level. map identified that the right side of the face was larger than the left (directional asymmetry), but the landmarks identified asymmetry only in the chin and ala of the nose. Furthermore, some regions of the face, such as nose, are more complex to analyse only by means of a few landmarks. This is important because it has been shown that nasal architecture plays a crucial role in the perception of facial asymmetry (Meyer-Marcotty et al., 2011) . The landmark-based analysis can provide us with some clinically useful information, but this is much less than what modern technologies can offer and may be insufficient in certain cases, especially where asymmetry is located in the regions underrepresented by landmarks.
Surface-based analysis
The average distance between the original and mirror facial images for the whole face, as well as the six regions, ranged between 0.4 (0.3, 0.6) and 0.8 (0.4, 1.2) mm. This narrow range of small values may create a false impression that facial asymmetry is not present or that it is not significant. To the best of our knowledge, no study has been published so far in which reference values for facial asymmetry in adults were obtained using a surface-based analysis. However, there are studies that utilized this approach to compare different patient groups with control groups of age, gender, and ethnicity matched healthy adults.
Meyer- Marcotty et al. (2011) quantified soft tissue facial asymmetry in 18 adults with repaired unilateral cleft lip and palate and 18 controls (average age 25.5 years, range 22−30). The latter were orthodontic patients randomly selected from the clinic, with skeletal class I, no surgical treatment, and no facial anomalies. The authors used the mean absolute distance between the original and mirror facial 3D images (calculated in the same way as in this study) and named it 'the index of facial asymmetry'. For the control group, the mean and standard deviation of the index for the entire face, middle, and lower portions were 0.59 ± 0.11, 0.65 ± 0.14, and 0.59 ± 0.13 mm, respectively. For experimental group, the values were significantly higher: 0.87 ± 0.26, 1.15 ± 0.44, and 0.79 ± 0.23 mm. Verhoeven et al. (2013b) compared facial asymmetry of 30 patients (average age 22 years, range 11−41) with unilateral condylar hyperplasia against 30 healthy volunteers, without a prior history of facial surgery and no existing facial deformity. The mean and standard deviation of the absolute mean distance between the original and mirror facial 3D images was 1.57 ± 0.62 mm in the patient group and 0.78 ± 0.20 mm in the control group. In other studies, surface-based facial asymmetry parameters were measured in young children (Djordjevic et al., 2012; Primožič et al., 2012 Primožič et al., , 2013 and adolescents (Djordjevic et al., 2011 (Djordjevic et al., , 2013a .
One number that represents facial asymmetry may be useful for research purposes but may not be practical for clinical use. When lower amount of asymmetry in one region compensates for marked asymmetry in another region (as in the first two patients presented above), the average distance between the original and mirror facial images may not always indicate that there is a problem. In other words, the asymmetry of the whole face may be within the normal range for the population, but there can be a local imbalance important from the aesthetic and functional perspective. Thus, it seems very useful to produce and analyse the colour maps. In order to extract more detailed information from the colour map, in this study the face was divided into six regions. This division is rather crude since asymmetry may involve several neighbouring regions and its aetiology may be more obvious if these are analysed together rather than separately. The colour maps can be very helpful in improving a communication with the patient, especially where asymmetry is located above the eye level and thus is beyond the scope of orthodontic and orthognathic treatment.
Strengths and limitations of the study
Non-invasive, accurate, and reliable assessment of facial soft tissues is an imperative in clinical orthodontics. Laser surface scanning proved to be very useful, the devices are easy to assemble at any location, and the procedure is fast enough to capture intricate details of facial morphology (Kusnoto and Evans, 2002; Kau et al., 2005 Kau et al., , 2006 Kau et al., , 2007 Kovacs et al., 2006; Toma et al., 2009; Djordjevic et al., 2012; Verse et al., 2012) . In this study, the reference values for facial asymmetry of British Caucasian adults were obtained using two 3D analyses. This has not been presented before. In addition, the study revealed the possibilities and limitations of both analyses, demonstrating their application in the assessments of marked facial asymmetry of different aetiology.
However, there are also some limitations. First of all, the sample was limited to the students and staff members of the School in accordance with the ethical approval. In order to improve external validity of the results, future studies should aim at collecting the data from individuals randomly selected from the population (Djordjevic et al., 2011) . Secondly, one camera cannot capture the entire surface of the face, from the left ear to the right ear. There is a small surface on both sides of the face (behind the zygoma, 2-3 cm in front of the ears), which is not captured. However, the majority of asymmetry will (if present) be manifested in the area that is captured. This was a trade-off between the scanning time and the facial surface size (using one instead of two cameras). Thirdly, neutral facial expression should be recorded, and this requires an experienced examiner and cooperation from the patient. Finally, laser scans only show asymmetry of the soft tissues of the face. Facial asymmetry may involve dental, skeletal, and soft tissue components; a combination of orthodontic treatment and orthognathic surgery may also be indicated (Cheong and Lo, 2011; Verse et al., 2012) . Thus, in more complex cases, other imaging methods (computed tomography, magnetic resonance imaging) may be needed for comprehensive diagnosis and treatment planning.
Conclusions
The reference values for soft tissue facial asymmetry of British Caucasian adults were obtained from facial laser scans of 85 individuals aged 19-54 years using landmark and surface-based 3D analyses. According to the landmark-based analysis, facial asymmetry can be quantified in all three coordinate planes separately or combined using the AI. The lowest AI was found for the landmark 'pronasale' in males [median 0.1(interquartile range 0.0-0.3) mm] and the highest for the landmark'cheilion' [3.5 (2.4-5.0) mm] in females.
According to the surface-based analysis, the average distance between the original and mirror facial images was 0.7 (0.5-0.9) mm in males and 0.6 (0.5-0.7) mm in females. For six different regions, this parameter ranged between 0.4 (0.3-0.6) and 0.8 (0.4-1.2) mm.
Both analyses can be used to accurately diagnose facial asymmetry in orthodontic patients. However, the clinicians need to be aware of their limitations. The asymmetry in each coordinate plane should be considered prior to the calculation of AI, in order to avoid missing important information about asymmetry in a particular plane. In addition, asymmetry of facial regions where landmarks are not placed may easily be undiagnosed. Although the surface-based analysis has the advantage of using several thousands of points captured by the scanning equipment (and is therefore more comprehensive), the whole face parameter may be insufficient in detecting clinically relevant asymmetry in a particular facial region. This emphasizes the importance of regional analysis and colour map interpretations.
